Introduction: Recent studies have shown that pathologically defined subtypes of Alzheimer's disease (AD) represent distinctive atrophy patterns and clinical characteristics. We investigated whether a cortical thickness-based clustering method can reflect such findings. Methods: A total of 77 AD subjects from the Alzheimer's Disease Neuroimaging Initiative 2 data set who underwent 3-T magnetic resonance imaging, [
Introduction
Aggregations of amyloid-beta (Ab) and tau protein are the two main pathologic hallmarks of Alzheimer's disease (AD). Although the aggregation of Ab is known to precede the tau pathology in AD, the earlier role of tau aggregation in the pathogenesis of AD and aging has been reemphasized [1, 2] . The accumulation of tau has been noted in the transentorhinal cortices with normal aging and such tau aggregation is known to accelerate the spread of Ab pathology in the AD brain [1] [2] [3] . Moreover, the accumulation of tau proteins correlates very closely with cognitive decline and brain atrophy including hippocampal atrophy [4, 5] . Hence, defining AD based on the tau pathology in the brain would enable a better understanding of the clinical implications of tau accumulation in this disease.
Recently, neuropathologically defined subtypes of AD have represented distinctive clinical characteristics and brain structural changes such as (1) typical generalized atrophy involving medial temporal (MT) lobes; (2) limbic predominant atrophy; (3) and hippocampus-sparing atrophy [6, 7] . Because pathologic assessment cannot be easily applied to most of AD subjects in vivo, our group recently investigated whether clustering of AD subjects based on magnetic resonance imaging (MRI) cortical thickness patterns can replicate autopsy-based findings. Interestingly, the MRI cortical thickness pattern-based clustering was comparable with the autopsy-based classification of AD in an earlier report [8] . However, there was no assessment in that previous study as to whether the new clustering method based on cortical thickness patterns can also reflect pathophysiological changes in AD. If so, this would potentially provide additional clinical information on structural brain magnetic resonance (MR) images and, thus, further knowledge of the underlying pathogenesis as well as prognosis of the disease.
We investigated whether the new cortical thickness-based clustering methodology could be replicated in a multicenter, international data set. We also sought to determine whether this clustering method reflected the pathophysiological status of AD as assessed by [ 
Methods

Participants
Data used for the preparation of this article were obtained from the Alzheimer's Disease Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu). The ADNI is described in Supplementary Methods. We selected 89 AD subjects from the ADNI-2 study who had high-resolution 3-T T1-weighted MRI, baseline FDG-PET, baseline Florbetapir-PET, and available baseline CSF results. Among these 89 subjects, 12 cases were excluded because of segmentation errors in MRI cortical thickness analysis and a total of 77 subjects were included for analyses. For comparison and to obtain representative MR images of each group, we also used data from 42 subjects with normal cognition in the ADNI-2 who underwent the baseline and 2 year follow-up imaging and baseline CSF studies and remained normal at 2-year follow-up assessments. We followed ADNI procedure in our current analysis. Briefly, we used screening 3-T T1-weighted MRI sequence with rapid gradient echo (MPRAGE) images with a 1.2-mmslice thickness. Subjects who underwent 1.5 T MRI or MRI sequence with enhanced spoiled gradient were not included because of greater signal-to-noise ratio or less compatibility between sequences. All data were downloaded from LONI (as of October 2014). Additional details regarding data acquisition are available elsewhere (http://www.adni-info.org).
Measurements of cortical thickness
The cortical thickness of the initial cohort of 89 AD subjects was measured as described previously [9] . Three-Tesla T1-weighted MRI images were processed using a standard Montreal Neurological Institute (MNI) anatomic pipeline (version 1.1.9; http://wiki.bic.mni.mcgill.ca/index.php/ CIVET). We registered all native volumetric T1 images into a standardized stereotaxic space using a linear transformation [10] . An N3 algorithm was used to correct for intensity nonuniformities using inhomogeneities in the magnetic field [11] . The corrected volumetric images were then classified into white matter, gray matter (GM), CSF, and background using an Intensity-Normalized Stereotaxic Environment for Classification of Tissues algorithm [12] . The surfaces of the inner and outer cortices were automatically extracted using a Constrained Laplacian-Based Automated Segmentation with Proximities algorithm [13] . Finally, the Euclidean distances between linked vertices on the inner and the outer surface were calculated for the cortical thickness measurement [14] .
Cluster analyses
We performed hierarchical agglomerative cluster analysis using Statistics and Machine Learning Toolbox implemented in MATLAB version 8.2.0.29 R2013b (MathWorks, Natick, MA, USA) in which each patient begins in his or her own cluster and at each step the two most "similar" clusters are combined until the last two clusters are combined into a single cluster with all patients. We used the whole-brain cortical thickness for the clustering: a total of 78,570 vertex points (without noncortical regions) for each of the 77 AD subjects. To cluster patients according to the thinning patterns of each cortical region, rather than a global atrophy, the variations in global atrophy between patients were compensated for by normalizing the cortical thickness values from vertices to a mean cortical thickness [15] . The Ward's clustering linkage method [15, 16] was used to combine pairs of clusters. The clustering begins with each patient in his or her own cluster (n 5 77, size 1 each). At each step, the Ward's method chooses which pair of clusters to be combined next by merging the pair of clusters while minimizing the sum of square errors (the two most similar clusters) from the cluster mean. For instance, n-1 clusters are formed in the first step (one cluster of size 2). Then, n-2 clusters are formed in the second step (two clusters of size 2 or one cluster of size 3 including the cluster formed in step 1). The algorithm continues until all patients are merged into a single large cluster (size n). Finally, each of the 77 AD patients was placed in their own cluster and then progressively clustered with others. The cluster analysis results are shown as a dendrogram (Fig. 1 ).
PET analyses
PET acquisition
We followed the ADNI procedure, and data were downloaded (as of October 2014) from LONI in the processed format (series description in LONI Advanced Search: AV45 co-registered and averaged; and FDG co-registered and averaged). The details of the acquisition are available at http://www.adni-info.org.
PET analyses
To analyze the Florbetapir-and FDG-PET images, the skull was stripped and the brain was extracted using a FMRIB software library. We then automatically co-registered the PET image for each subject to the corresponding skullstripped MR image using a rigid-body registration method. These co-registered images were spatially normalized to a MNI atlas space. The partial volume correction was performed using results with more than 25% of the maximal regional intensity [17] . The mean standard uptake value ratio (SUVr) in the cerebellum GM was used as a reference. The cortex-to-cerebellum regional SUVr for 78 regions of interest of automated anatomical labeling template were finally calculated for comparison between groups.
CSF analyses
CSF acquisition and biomarker measurements using the ADNI cohort were performed as previously described and as per the ADNI procedure [18] .
Statistical analyses
Group analyses were performed using SPSS software (version 22 Between-group comparisons of the continuous variables were performed using ANCOVA and logistic regression for categorical variables (e.g., APOE and clinical dementia rating [CDR] ). We used the Kruskal-Wallis test for variables not fulfilling a normal distribution. Cortical thickness analyses were performed using a linear modeling method for the thickness maps after controlling for age, sex, education, ICV, and scanner effects. To avoid false positives, resulting statistical maps satisfying a false discovery rate (FDR) correction at a 0.05 significance level were determined [19] . For direct comparison of the SUVr of each cortical region of interest of FDG-PET and Florbetapir-PET, we performed ANCOVA test with age, sex, education, and ICV serving as covariates. Multiple comparisons among three groups at FDR corrected P , .05 were considered statistically significant. For comparison of CSF results, ANCOVA was performed with age, sex, education, and ICV serving as covariates. Phosphorylated-tau (p-tau) and p-tau/Ab data were log transformed before the analysis [18] . 
Results
All 77 AD study subjects were clustered into three subtypes, and the cortical thinning patterns in each of the three AD subtypes were shown in comparison with 42 cognitively normal controls (Fig. 1) . The three subtypes include (1) MT subtype (n 5 15, 19.5%), in which the bilateral MT lobes were predominantly involved with the additional involvement of the bilateral frontal lobes; (2) D subtype (n 5 43, 55.8%), in which nearly all association cortical areas such as the bilateral dorsolateral frontal lobes, lateral temporal, and lateral parietal lobes were affected; and (3) parietal dominant subtype (P subtype, n 5 19, 24.7%), in which the bilateral lateral parietal lobes, and some bilateral occipital lobes were affected with little involvement of MT lobes (Fig. 1) .
The demographics and clinical characteristics of each subtype were found to differ ( In FDG-PET analysis, all groups showed a significant difference in glucose hypometabolism in the different regions, corresponding to cortical thinning patterns (Table 2 and Fig. 2B ). Patients in the P subtype showed glucose hypometabolism in the right superior, left inferior parietal, and left middle occipital cortices. Patients in the MT subtype showed glucose hypometabolism in the left hippocampus, left inferior orbital frontal, right superior medial frontal, and both caudate areas. Differences in the Florbetapir-PET results were most prominent in the P subtype patients (Table 3 , Fig. 3 ) who showed marked Ab accumulation in the superior, middle, and inferior frontal cortex, superior and inferior parietal cortex, and precuneus compared with that in the MT and D subtypes. Patients in the MT subtype had more Ab accumulation in the left precuneus and right mesial frontal cortex compared with that in the D subtype (Fig. 3) . In neuropsychological battery analysis ( 
Discussion
The main findings of our present study are as follows: (1) cluster analysis of a multicenter international data set based on cortical atrophy patterns groups AD subjects into two subtypes (MT, D, and P); (2) the areas of glucose hypometabolism match well with the regions of cortical atrophy, whereas Ab accumulation is predominant in the P subtype; (3) some parts of neuropsychological test results were indicative of cortical thinning patterns; and (4) neither CSF Ab nor p-tau differ among the subgroups.
Structural MRI and clinical findings in three AD subgroups
The three subtypes of AD revealed by our cluster analysis showed different patterns of glucose hypometabolism and Ab accumulation (Sections 4.2. and 4.3.). Intriguingly, these results reflected a recent autopsy report on the pathologic classification of AD into three subtypes based on the distribution and density of neurofibrillary tangles [6] . In that report, the neurofibrillary tangle pathology groupings were 14% with limbic predominant AD, 75% with typical AD, and 11% with hippocampal sparing AD, similar to the MT, D, and P subtypes in our present study. In that previous autopsy study also, hippocampal sparing AD (homologous to the P subtype in this study) had the most severe cortical atrophy and limbic predominant AD (homologous to the MT subtype in this study) had the most severe MT lobe atrophy. In addition, limbic predominant type patients were older, more likely to be women, and prone to harbor the APOE ε4 allele. On the other hand, the hippocampal sparing AD cases tended to be younger at symptom onset and have a shorter disease duration, a faster disease course, and more atypical and nonamnestic presentation than the other subtypes. In our present study, the P subtype cases were also younger at symptom onset than those of the MT or D subtypes, which finding is consistent with hippocampussparing AD. Given the fact that the global cognitive assessments did not differ among these three subgroups (Table 1) , the younger age in the P subtype subjects may suggest a faster disease course [7] . There were some discrepancies between our findings and those of the autopsy study. For example, the male predominance in the hippocampal sparing AD group and the APOE ε4 allele preference in the limbic predominant group were not noted in our P or MT subtypes, respectively. This may be due to the relatively small number of subjects assessed in our present analyses. However, similar to the autopsy study, we found no significant differences between the P, MT, and D patients in terms of education level, cognitive performance, or daily activities measured by MMSE, CDR, CDR-SB, ADAS-Cog 11, ADAS-Cog 13, MoCA, and GDepS, thereby suggesting that our subgroups had a similar disease status and were well matched for comparison (Table 1) . When we additionally assessed detailed neuropsychological tests, we found the MT subtype showed less performance in memory tests and the P subtype scored less in the interlocking pentagon test, which suggest that the cortical thinning patterns reflect cognitive changes at least in part. Taken together, we conclude that clustering according to cortical atrophy patterns on MRI is comparable with grouping based on the pathologic subtypes of AD.
Glucose hypometabolism comparable with cortical atrophy
The FDG-PET image findings in our study potentially reflected the AD pathologies in the brain. FDG-PET, a marker of synaptic activity and neuronal functioning, is known to correlate well with tau accumulation or neuronal and synaptic injuries in the brain [20] [21] [22] . At the same time, glucose hypometabolism is indicative of neurodegeneration and structural changes in MRI [23] [24] [25] [26] . Areas of hypometabolism noted in each subtype in our present study matched well with regions of cortical atrophy (Table 2 and Fig. 2) . Patients in the P subtype showed glucose hypometabolism in the right superior, left inferior parietal, and left middle occipital cortices. This is consistent with previous study results showing glucose hypometabolism in the parietal lobes in patients with EOAD compared with late-onset Alzheimer's disease (LOAD) patients [8, 27] . Interestingly, patients in the MT subtype in our current series showed glucose hypometabolism in the left hippocampus. As the MT lobe is the most vulnerable area to tau accumulation and subsequent neurodegeneration, the glucose hypometabolism and cortical atrophy in these lobes in the MT subtype may be indicative of the limbic predominant AD reported in the autopsy study [28, 29] .
In terms of the progression of the tau pathology (neurofibrillary tangles) in the brain, previous studies suggest that neurofibrillary tangles begin to accumulate in the MT lobes, including the transentorhinal cortex, and then spread to the posterior temporal lobes and parietal lobes, finally evolving to the frontal lobes [30] . It has been further suggested that this pattern of spread matches well with future brain atrophy [31] . As FDG-PET results can reflect tau-mediated injury and both FDG-PET and tau are markers of neurodegeneration [24, 32] , the three subtypes noted in our current analyses may include information on pathologically defined subtypes based on neurofibrillary tangles. 
Prominent amyloid uptake in the P subtype
In our Florbetapir-PET analysis, patients in the P subtype showed marked Ab accumulation in most brain regions compared with that in the MT and D subtypes. Recent advances in the understanding of preclinical AD indicate that Ab builds up rapidly and almost plateaus before the onset of clinical symptoms of AD [33] . Many experimental and clinical studies have demonstrated that Ab accumulation precedes tau-mediated neuronal injury and glucose hypometabolism [24, 34, 35] . At the same time, the extent of tau pathology but not Ab burden is known to correlate with the rate of atrophy in AD [4] . The lack of difference in amyloid uptake between the MT and D subtypes, but not in glucose hypometabolism or cortical atrophy patterns, may also stem from the fact that Ab builds up preclinically and reaches its maximal level by the time of clinical symptom development. Because patients in the P subtype were younger and had a similar degree of global cognitive function at the time of PET imaging, they may have an earlier Ab accumulation and faster disease course. These findings are in line with a previous study that compared the amyloid PET findings between EOAD and LOAD patients and demonstrated marked amyloid uptakes in the cortices of EOAD subjects [36] .
No difference in CSF Ab and tau among the subtypes
In our present study, the CSF results showed no significant differences among the P, MT, and D subtypes. Because changes in the CSF Ab levels are known to precede the fibrillar forms of amyloid noted by amyloid PET, as well as FDG-PET and structural MRI changes, any differences in CSF Ab among the three groups would have been diminished at the time of assessment [32] . Moreover, because the CSF obtained by lumbar puncture would yield pooled information on tau or Ab in the whole brain, it may have less temporal or regional resolution than PET or structural MRI.
Correlations between glucose hypometabolism, impaired cognition, and high CSF tau levels have been demonstrated [37] . On the other hand, there are other evidences showing that cortical atrophy on MRI would be a later event in AD progression, preceded by changes in CSF tau and FDG-PET [24] . Based on these findings, and because our current subjects were all demented at the time of assessment, the differences in CSF tau would have been diminished. Relatively small number of subjects investigated in this study would have affected the lack of difference among the groups.
There were several limitations of our present study of note. First, without autopsy findings we could not confirm whether the regional distribution of glucose hypometabolism measured by FDG-PET directly reflected the regional distribution of neurofibrillary tangles. This will need to be confirmed in subsequent studies using tau or neuroinflammation images. Second, there were some demographic discrepancies between our findings and the results from the autopsy study. This was due in part to the relatively small number of subjects we analyzed. We hope to address whether the differences in cortical thickness can also indicate demographic differences among the P, MT, and D subgroups in a future study with a larger sample size. The prevalence of TAR DNA-binding Protein 43 (TDP-43) pathology is known to be high in limbic predominant AD and affects the clinical manifestations of AD [38, 39] . By excluding subjects with hippocampal sclerosis and TDP-43, previous autopsy studies have tried to specifically address neurofibrillary tangle pathology, which is not possible in an MRI-based study [6, 38, 39] . Therefore, our three subtypes classified by MRI cortical thickness patterns potentially included TDP-43 or hippocampal sclerosis pathologies in the brain. This would have contributed to discrepancies in the clinical characteristics among our three subgroups. Finally, brain atrophy in our AD subjects potentially affected the PET findings. Using partial volume correction in both sets of PET analyses, we tried to eliminate the possibility of an underestimation in glucose hypometabolism or amyloid uptake in regions with marked atrophy [17] .
The AD subtypes described in our present study may suggest different patterns of disease progression and responses to treatment. Consideration of these three patterns of brain cortical atrophy will potentially be important when estimating the prognosis of AD and in planning treatment strategies in a clinical setting. Future studies supported by pathologic findings or tau imaging will enable further understanding of the regional and temporal relationships between the main pathophysiological manifestations of AD, including neurofibrillary tangle accumulation and cortical atrophies. 
Supplementary data
Supplementary data related to this article can be found at http://dx.doi.org/10.1016/j.dadm.2015.11.008.
RESEARCH IN CONTEXT
1. Systematic review: We investigated whether a cortical thickness-based clustering method would reflect pathologically defined subtypes of Alzheimer's disease (AD). After clustering of 77 AD subjects from the Alzheimer's Disease Neuroimaging Initiative 2 data set, biomarker findings were compared among the groups.
2. Interpretation: Three cortical thinning patterns were noted: medial temporal (MT; 19.5%), diffuse (55.8%), and parietal dominant (P; 24.7%) atrophy subtypes. The P subtype was the youngest and represented more glucose hypometabolism in the parietal and occipital cortices and marked amyloid-beta accumulation in most brain regions. The MT subtype revealed more glucose hypometabolism in the left hippocampus and bilateral frontal cortices. These findings suggest cortical thickness patterns can indeed reflect pathophysiological changes in AD.
3. Future directions: Given the easy accessibility of magnetic resonance imaging, our findings have advanced the AD field with imaging-based expectations of pathophysiology, disease progression, and responses to treatment in AD. Future studies supported by pathologic findings will enable further understanding of our results.
